Keywords: microtubule/actin stress fiber/rho/GTP binding protein/signal transduction ABSTRACT. To obtain insight into the molecular dynamics and involvement of microtubules and the related signal molecules in the regulation of cell locomotion, we studied the influence of microtubule disruption on actin stress fibers and focal adhesion assembly in addition to cell morphology. Wefound that all microtubule-disrupting drugs including colcemid and vinblastine rapidly and reversibly induce the formation of actin stress fibers and focal adhesions containing vinculin, accompanied by activated cell motility in serum-starved Balb/c 3T3 cells. In contrast, taxol, a microtubule-stabilizing drug, completely inhibited these effects of the microtubule-disrupting drugs. A microinjection of C3 ADP-ribosyltransferase, a specific inhibitor of rho GTPase, blocked the stress fiber and focal adhesion assembly induced by the microtubule disruption. These results suggested that microtubules contain signal molecules that regulate the formation of stress fibers and focal adhesions by activating the rho signal cascade. We postulate that microtubule-releasing and stress fiber-inducing factors link the intrinsically variable and irregular actin filament dynamics to coordinated and directional locomotion in the process of cell movement.
Cell motility is critically important to manynormal and abnormal biological processes, such as embryonic development, woundhealing, inflammation and cancer metastasis (9, 40) . Many biological active compounds such as growth factors and phorbol esters affect cell motility by disturbing cytoskeletal networks including actin filaments (10, 1 1, 25) . The underlying biological molecular mechanisms have been studied using various types of motile cells including fibroblasts, epithelial cells, leukocytes and neurite growth cones. These studies have shown that the locomotory process of these cells can be divided into essentially three independent, sequential phases: the polar extension of a leading lamella including ruffles and microspikes via the active motility of the anterior, leading edge; the formation of new anterior contacts with the underlying substrate and the retraction of the trailing tail into the advancing cell body (33, 40) . Actin and its various associated proteins have been shown to play major roles in all of these processes (6, 7, 15, 22, 41, 42) .
In cultured cells, actin filaments exist in three types of structure: the cortical actin network, actin stress fibers and cell surface protrusions such as membraneruffles and microspikes (38) . Actin stress fibers are attached to the endofacial surfaces of the membrane in defined areas of the closest cell-substrate contact, namely, focal contacts or adhesions (2, 13) where integrin, a receptor at focal adhesion, mediates the connection between the cytoplasmic actin filaments and the extracellular matrix (5, 34, 35) . Various actin-related proteins including vinculin and talin are specifically localized at the cytoplasmic aspects of focal adhesions, suggesting that they mediate the attachment of actin stress fibers to the plasma membrane at these sites.
Manysignal molecules including protein kinases and GTP-binding proteins are co-localized at focal adhesion (24). For example, the activation of protein kinase C (PKC) induces rapid disassembly of actin stress fibers and focal adhesions as well as inhibition of growth factor-induced membrane ruffling, indicating that PKCis involved in the negative regulation of actin stress fibers and focal adhesions (9, ll). A series of recent studies on the biological function of a GTP-binding protein, rho, has revealed that it is an essential component of a signal transduction pathway linking extracellular stimuli to the assembly of focal adhesions and actin stress fibers (3, 30) and forming contractile ring (18). These findings suggested that these signal molecules are involved in the positive and negative regulation of dynamic organization of the contractile actin stress fibers that span the cells between contact foci at the rear and similar contacts at the base of leading edge of locomoting cells.
However, little is knownof the molecular regulatory * To whomcorrespondence should be addressed. mechanism of directional locomotion during cell movement.
Microtubule disrupting drugs largely abolish cell polarizations and directional locomotion (44) . Also, cinematographic and immunocytochemical studies have shownthat the free ends of microtubules are often co-localized with focal contact sites along the leading edge of moving fibroblasts (33). These observations suggest the possibility that microtubules are involved in determining net direction of cell locomotion, although the relationship between actin filaments and microtubules in respect to the regulation of coordinated and directional locomotion remains unclear.
To clarify the molecular dynamics and the involvement of cytoskeletal and signal molecules in the process of regulating directional locomotion, we studied the influence of microtubule disruption on the formation of mine-conjugated second antibody diluted in A-buffer (1 : 100) for 1 h. Rhodamine-conjugated phalloidin was diluted 1 :40 dilution in A-buffer. Cells were viewed using a Nikon microscope and photographed with Kodak T-Max 400 film.
Immunoblot analysis. Cells were solubilized at 4°C for 30 min in solubilization buffer (50 mMHepes pH 7.4, 1% TritonX-100, 10 mMsodium pyrophosphate, 100 mMsodium fluoride, 4 mMEDTA, 2 mMsodium vanadate, 1 mg/ml aprotinin and 2 mMphenylmethylsulfonyl fluoride). The Triton-soluble supernatant of whole cells was obtained by scraping cells from the dishes, sedimenting the insoluble material by centrifugation at 100,000g for 60min. The samples were diluted with 3 x SDS-PAGEsample buffer, and then boiled at 100°C for 3 min. The proteins were separated on SDS-PAGEgels and transfered to a PVDE-membrane. Immunoblots were blocked with 5% instant non fat milk in TBS (50mM Tris-HC1, 0.3 M NaCl), incubated in the first antibody and finally visualized using an ABC-detection kit (Funakoshi Co.).
RESULTS
Microtubule-disrupting drugs rapidly and reversibly induce actin stress fiber and focal adhesion formation. Drugs that disrupt microtubules such as colcemid, colchicine, nocodazole and vinblastine affect cell locomotion and induce the rearrangement of interphase cells in monolayer cultures (44) . These drugs induced morpho- 
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logical changes accompanied by the rearrangement of cell monolayer in con fluent, serum-starved Balb/c3T3 cells within 30 min after the treatment (not shown). These observations suggested that they could cause rapid polymerization and redistribution of actins since actin filament dynamics can mainly supply force to cell movement and rearrangement (16, 38, 39) . To test this notion, we analyzed the state of the polymerized actin filaments following the addition of colcemid. Serumstarved, con fluent Balb/c3T3 cells had very few stress fibers, but filamentous actin was distributed on the plasma membrane in a punctate manner (Fig. 1A, E) . On the other hand, manymicrotubules elongated from the centrosome into the periphery of the cells (Fig. IB) . Vinculins were localized diffusively throughout the cytoplasm in untreated cells (Fig. IF) . Within 5 min of exposure to colcemid (lOO ng/ml), there were no apparent changes in actin and microtubule organization. However, actin filaments were markedly redistributed during the following 10-20 min in serum-starved cells, punctate actin was lost, and fine but stress fiber-like actin filaments gradually increased throughout the cytoplasm in parallel with the disappearance of filamentous microtubules. Manynew stress fibers were clearly discernible within 30 min, during which most microtubules disappeared and the immuno-staining with anti-tubulin was diffused throughout the cytoplasm (Fig. 1C, D) . The diameters of these bundles of stress fibers increased over the following 30 min or so. Actin stress fibers were similarly induced by colchicine, vinblastine and nocodazole (not shown). The colcemid-induced actin stress fibers were maintained for as long as colcemid was present in the culture medium, up to at least 5 days (unpublished data). These findings indicated that microtubule-disruption continuously stimulates and activates signal transduction for stress fiber formation. Similar actin stress fiber formation was induced more rapidly by adding a low concentration of FCS(not shown), confirming the results reported by Ridly and Hall (31). However, the FCS effect disappeared 12h after adding 0.5% PCS (not shown). Golcemid also caused vinculin ( adhesions apparently increased in parallel with the increasing diameter of stress fiber bundles across the cytoplasm (arrows in Fig. 1G, H) . The induction of stress fi- served at concentrations of more than 20 ng/ml of colcemid in serum-starved Balb/c3T3 cells. Cytochalasin B and D inhibited the colcemid-induced stress fiber formation (not shown). To test whether or not the effect is reversible, colcemid was removed after 5 h from the culture medium. During the first 20 min thereafter, stress fibers did not disappear and no microtubules were formed. However, the stress fibers ( Fig. 2A, C) rapidly disappeared accompanied by microtubule re-assembly (Fig. 2B, D) during the following 10 min. The vinculin at focal adhesions also disappeared within 30 min after removing the colcemid (not shown). These results indicated that the colcemid-induced formation of actin stress fibers and focal adhesions is reversible and tightly associated with the disruption of microtubules. Actinomycin D and cycloheximide did not inhibit the colcemid-induced stress fiber and focal adhesion formation, indicating that neither RNAnor protein synthesis is not required for the colcemid effects.
Taxol prevents colcemid-induced stress fiber and focal adhesion formation. Taxol stabilizes microtubules in a variety of cells (43) and prevents colcemid-induced biological responses such as the initiation of DNAsynthesis and the activation of MAPkinases (35). To determine whether colcemid-induced stress fiber and focal adhesion formation is also prevented by taxol, the cells were incubated for 0.5 h with taxol prior to colcemid stimulation (Fig.  3) . Taxol (1.0//M) itself induced the accumulation of shortened fibrinous microtubules around the center of the cytoplasm but had almost no effects on the status of the actin filaments, although rhodamine staining became slightly dense at the periphery of the taxol-treated cells (Fig. 3A, B) . Taxol almost completley inhibited colcemid-induced stress fiber formation in addition to preventing the colcemid-mediated degradation of microtubules (Fig. 3C, D) . Similarly, it inhibited the colcemid-induced accumulation of vinculin at focal adhesions (not shown). Colcemid itself neither induces membrane ruffling nor prevents growth factor-induced membrane ruffling. Manyexogenous factors such as FCS, Bombesin, PDGF, EGF and insulin induce not only the formation of stress fibers and focal adhesions but also membrane ruffling accompanied by the accumulation of filamentous actins (19, 31). These exogenous factors could induce membrane ruffling in our Balb/c3T3 cells under our cultured conditions (10, ll). To test whether cole- Balb/c3T3 cells (10, 1 1). Consequently, it was very difficult to examine the effect of colcemid on membrane ruffling in serum-starved cells. Therefore, we studied the effect of colcemid on growth factor-induced membrane ruffling in the cells that had been cultured in 2% FCS containing-MEM for 2 days (Fig. 4) . Insulin induced membrane ruffling within 5 min (Fig. 4A ). Insulin induced membraneruffling in Balb/c3T3 cells at any time in the presence of colcemid up to the establishment of stress fibers (Fig. 4B ).
C3 ADP-ribosyltransferase inh ib its colcem id-induced stress fiber and focal adhesion assembly but not growth factor-mediated ruffling. FCS-and PDGF-induced stress fibers and focal adhesions are inhibited by the inactivation of rho (30), indicating that endogenous rho proteins mediate the stress fiber and focal adhesion formation induced by exogenous factors (27, 32). The growth factor-induced membrane ruffling is mediated by another small ras-related GTP-binding protein, rac (31). Weexaminedwhether or not colcemid-induced stress fiber and focal adhesion formation is also mediated by endogenous rho proteins, using exoenzyme C3 transferase from Clostridium botulinum. This enzyme ADP-ribosylates rho proteins on amino acid (36) and renders them biologically inactive (29) but has if little or no effect on rac and other GTP-binding proteins such as cdc 42 and ras (30, 31) . When C3 was microinjected into serum-starved Balb/c3T3 cells, it induced morphological rounding of the cells as described (29) but more slowly, suggesting that endogenous rho proteins are active and involved in maintaining cell shape even in serum-starved cells that contain few stress fibers. To examine whether the formation of newactin stress fibers induced by colcemid is dependent on endogenous rho proteins, colcemid was added 10-20 min after C3 microinjection (Fig. 5 ). C3 at concentrations of more than 50 fig/ml competely inhibited colcemid-induced stress fiber formation (Fig. 5A) . Microinjections of 0.1 mg/ml of fat-free bovine serum albumin or 0.25 mg/ml of mouse IgG had no effect (not shown), indicating that microinjection itself did not inhibit stress fiber formation. C3 microinjection had no effect on insulin-induced membrane ruffling (Fig. 5B ), thus confirming the findings of Ridley and Hall, that the inactivation of rho by C3 microinjection did not inhibit the actin polymerization leading to membrane ruffles (21). We also examined the effect of wortmannin, a potential inhibitor of phosphoinositide 3-kinase (PI-3k), on colcemid-induced stress fibers and focal adhesions as well as insulin-induced membrane ruffling because it has been shown to inhibit the formation of actin filaments associated with insulin-induced membrane ruffling (19). More than 0.1 ftM of wortmannin inhibited insulin-induced membraneruffling (data not shown), consistent with the findings reported by Kotani et al. (19) . However, wortmannin, even at a high concentration (5 ftM), did not inhibit colcemid-induced stress fiber formation and microtubule disruption (data not shown), indicating that PI-3K is not involved in colcemid-induced stress fiber formation. 
DISCUSSION
The results of this study showed that all microtubuledisrupting drugs rapidly and reversibly induce the formation of focal adhesions containing vinculin and actin stress fibers, accompanied by activated cell motility in serum-starved Balb/c3T3 cells. Wefurther showed that taxol, a microtubule-stabilizing drug, completely inhibits the effects of the microtubule-disrupting drugs. These results suggest that microtubule disruption generates a signal cascade through which the accumulation of vinculin and talin into focal adhesion and the bundling of actin filaments (stress fibers) are simultaneously induced.
As to how microtubules control the intrinsically variable and irregular actomyosin-driven motility of the cells, it is possible that microtubules may contain a signal molecule which can motivate the actin-myosin polymerization and the accumulation of plaque proteins such as vinculin into focal adhesion once it is released from microtubules (Fig. 6) . The microtubule-releasing and stress fiber-inducing factor (MRSF) usually tightly associates with microtubules in the resting status (Fig.  6A ). Once the microtubules are disassembled totally (Fig. 6B ) by drugs such as colcemid, or partially (Fig.  6C ) by shrinking through dynamic instability (12, 23), MRSFmaythen be released to stimulate stress fiber and focal adhesion formation in cooperation with surrounding signal molecules. These released MRSFmolecules could again be absorbed into the new microtubules as degraded microtubules start to grow again. Alternatively, MRSFmay be released and activated by interaction with signal molecules around microtubules (Fig. 6D) . In either situation, microtubules could determine the localization of release of MRSF, and consequently regulate the directional locomotion of motile cells. It is also possible that microtubule disruption itself induces the instability of cell membranewhich triggers actin polymerization.
The small GTPase, rho, is involved in the focal adhesion and stress fiber assembly induced by growth factors or FCS in serum-starved swiss 3T3 cells (30, 31) . We also showed that C3 exoenzyme, a specific inhibitor of rho protein, completely inhibited colcemid-induced formation of stress fibers and focal adhesions, indicating that rho plays essential and crucial roles in the induction of stress fibers and focal adhesions by microtubuledisruption in serum-starved Balb/c3T3 cells. Two pathwaysappear to eventually activate rho to induce stress fibers and focal adhesions (28, 30) . The first is the lysophosphatidic acid (LPA) induced rho activation cascade which may involve an unknowntyrosine kinase which is sensitive to genistein and tyrphostin (27, 30, 32). Wealso found that genistein and tyrophostin inhibit the formation of actin stress fibers induced by colcemid (unpublished data). The second is the growth factor-induced and rac-mediated activation of the rho cascade, which may in part, be regulated by PI-3 kinase (19, 31) . In addition, rac activation also results in membrane ruffling independent of rho activation (31). However, we found that colcemid-induced microtubule disruption neither induced membraneruffling nor prevented growth-factor induced membrane ruffling. Furthermore, we showed that C3 exoenzyme inhibited colcemid-induced stress fiber and focal adhension assembly but not growth factor-mediated ruffling. These findings indicated that microtubule disruption is not involved in rac activation but specifically activate rho cascade. We also observed that wortmannin, a potent PI-3 kinase inhibitor, did not inhibit the colcemid effects, indicating . A schematic representation of the regulation of stress fiber and focal adhesion assembly by microtubule releasing and stress fiber-inducing factor (MRSF). MRSF(blue circle) usually binds directly or indirectly to microtubules and moves along them toward the plus or minus end (A). Once the microtubules are disassembled totally (B) by drugs such as colcemid, or partially (C) by shrinking through dynamic instability, MRSFis then released and stimulates stress fiber and focal adhesion formation in cooperation with surrounding signal molecules. These released MRSF molecules could be again absorbedinto the newmicrotubules as degraded microtubules start to growagain. Alternatively, MRSF is released and activated by interaction with signal molecules around the plus ends of microtubules rather than by disassembly through the dynamic instability of microtubules (D).
that PI-3 kinase is not involved in colcemid-induced stress fiber formation. Taken together, it is likely that microtubule disruption maytrigger the formation of actin stress fibers and focal adhesions through a mechanism similar to that of rho activation by LPA. However, the signal cascade generated by microtubule degradation may be in part different from that of LPA because taxol has no effect on LPA-generatedactin stress fiber and focal adhesion assembly (unpublished data). There is the possibility that microtubule disruption may accelerate translocation of rho onto inner surface of membrane since rho seems to be activated through its binding to membrane where phospholipids motivate rho activation (1).
Here, we showed that microtubule disruption rapidly and reversibly induce actin stress fiber and focal adhesion assembly, probably through the activation of rho GTPase by signal molecules such as the above mentioned MRSF. Further experiments need to be done to identify MRSFand elucidate its role in microtubulemediated regulation of the directional locomotion of motile cells. secretarial assistance. This study was supported by Grant-in-Aid for Cancer Research from the Ministry of Education, Science and Culture, the Ministry of Science and Technology, Japan.
